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INTRODUCTION
Hyaluronan (HYA) has received a great deal of attention as a potential agent of intervention in osteoarthritis. The results of clinical studies on the effect of HYA are equivocal. Significant improvements in pain, patient global assessment, and functional outcomes with few adverse events were found due to the intra-articular injection of HYA, 1,2 while others only found a small effect. 3, 4 HYA is an important contributor to joint homeostasis and is normally present in the joint's synovial fluid in high concentrations. 5, 6 HYA covers cartilage surfaces, is found in high concentrations in the direct vicinity of the chondrocyte, and has been reported to have anti-inflammatory, anabolic, analgesic, and chondroprotective qualities. 7 During arthroscopic procedures, joint irrigation results in dilution of synovial fluid with diminishing HYA concentrations. As a result, the physical characteristics and protective functions of the synovial fluid deteriorate, possibly leading to a higher vulnerability of the cartilage. In a clinical trial HYA was injected after an arthroscopic knee 624 JOURNAL OF ORTHOPAEDIC RESEARCH MAY 2008 Correspondence to: Edwin J.P. Jansen (Telephone: þ31-43-3877038; Fax: þ31-43-3874893; E-mail: ejpjansen@hotmail.com) joint lavage, which resulted in reduction of pain and joint effusion together with an improvement in daily activities during the first 28 days. 8 We propose that the mechanism behind these effects is improvement of joint homeostasis which in turn maintains cartilage metabolism through prevention of cell death. We further elaborate this theory. In previous animal experiments we have shown that one injection with high molecular weight HYA restored the metabolism of chondrocytes that was inhibited by the irrigation solution. 9, 10 While these experiments were done in anatomically normal cartilage, in a clinical setting cartilage metabolism is often negatively influenced by cartilage lesions and a disturbed joint homeostasis. 11 First, we studied the effect of HYA on chondrocyte death surrounding a freshly prepared partialthickness articular cartilage lesion as can occur during arthroscopic procedures. Second, the effect of HYA on chondrocyte metabolism in knee joints with a long-existing cartilage lesion was studied, better reflecting the clinical situation, when arthroscopy is first performed weeks to months after the original injury.
METHODS

Animals
The experiments were conducted following the national and European guidelines for animal experiments. The Maastricht University committee for animal experiments approved all experiment protocols. A total of 23 6-month-old female New Zealand white (NZW) rabbits were used. Postoperatively, the rabbits were housed in a cage, after which they were allowed unlimited activity in groups in a stable. They were fed a standard rabbit diet with water ad libitum. During follow-up no joint immobilization was used.
HYA
The HYA in Ostenil (Chemedica, Munich, Germany) has a mean molecular weight of 1.2 MDa. Ostenil was diluted with a solution of 0.9% NaCl to a concentration of 5 mg/mL HYA. 10 
Surgical Procedure of Creating Partial-Thickness Articular Cartilage Defects
Preoperatively each rabbit was fasted for 12 h. General anesthesia was induced by intramuscular injection of 35 mg/kg body weight ketamine hydrochloride and 5 mg/kg xylazine and maintained throughout the surgical procedure by administration of 2% halothane and a mixture of oxygen and nitrous oxide delivered through an automatic ventilator using a specially designed mask. Preoperatively, all rabbits received an intramuscular injection of 10 mg/kg body weight ceftiofur (Pharmacia & Upjohn, Woerden, The Netherlands) to reduce the risk of pre-or postoperative infections. Postoperative pain killing was done by administering 50 mg/kg buphenomorphine at 2 h and 1 day. All operations were performed under strictly aseptic conditions. An arthrotomy of the tibia-femoral articulation was performed and the patella was dislocated laterally to expose the medial femoral condyle. A 4 mm diameter skin-biopsy punch (Kai Medical, Solingen, Germany) was used to circumscribe the defect centered on the weight-bearing part of the medial femoral condyle. Noncalcified cartilage was removed from the outlined defect using a scalpel. Special care was taken to prevent penetration of the subchondral bone.
Study Design
The 23 NZW rabbits that had received partial-thickness articular cartilage defects created on each medial femoral condyle, were divided into two groups. Fourteen rabbits were used to study the effect of HYA in preventing cell death peripheral to a partial-thickness articular cartilage defect (Study 1). The remaining nine rabbits were used to study the effect of HYA on cartilage metabolism in joints with long-lasting partial-thickness articular cartilage defects (Study 2).
Study 1: Effect of HYA on Cell Death Peripheral to a Partial-Thickness Articular Cartilage Lesion
Knee joints were rinsed with 0.9% NaCl immediately after creating the cartilage lesion, and subsequently closed in layers. In the experimental knee 1 mL HYA solution was injected (HYA group); the contralateral knee received 1 mL 0.9% NaCl (NaCl group). At 2 days following surgery six animals were sacrificed, and at 3 months follow-up eight animals were sacrificed. Condyles were fixated in a 10% formalin solution over 5 days at 48C. After decalcification in EDTA, samples were dehydrated in a series of increasing concentrations of ethanol and embedded in 2-hydroxyethyl methacrylate (Technovit 7100; Heraeus Kulzer, Wehrheim, Germany). Sections of 5 mm were cut along the midsagittal plane using a microtome (LKB Multirange Microtome, Stockholm, Sweden), and stained with thionine. All sections were examined blindly to group assignment. A 50 mm region of the articular cartilage adjacent to either side of the defect was examined using 200X and 400X magnification to assess peripheral chondrocyte death and viability. The percentage of cell death was measured as ratio between the number of dead cells and a total of at least 300 cells. Cell death was defined as the presence of a condensed, pycnotic nucleus and either a shrunken or deeply eosinophylic cytoplasm, or fragmentation of the nucleus/cytoplasm, or an empty lacuna. [12] [13] [14] The cell densities were determined in the sections of the 3 months follow-up samples by counting the number of living cells in an area of 50 Â 100 mm alongside the defect. The cell density of the lateral condyle present on the same object glass served as a 100% control.
Six months after creating the partial-thickness articular cartilage defects, knee joints of nine rabbits were treated again. An injection needle was placed into the knee joints, and (i) were not irrigated (sham group, n ¼ 6 knees); or (ii) were irrigated with 10 mL 0.9% NaCl (NaCl group, n ¼ 6 knees); or (iii) received 1 mL HYA solution after irrigation with 10 mL 0.9% NaCl (HYA group, n ¼ 6 knees). Seven days postoperatively, patellae were harvested to study the total sulfate incorporation rate (in dpm/patella) using a previously described method. 15, 16 In brief, patellae were transferred to tubes containing 1 mL of medium ( To the patella specimens 0.15 mg/mL proteinase K, 50 mM Tris-HCl (pH 7.9), and 1 mM CaCl 2 were added, and subsequently patellae were left in a shaking water bath at 568C O/N. After centrifugation at 3,000 Â g for 5 min, supernatants were supplemented with 25 mL 0.1% cetylpyridinium chloride (CPC; Merck-Europe B.V., Amsterdam, The Netherlands) solution and 25 mL 4 mg/mL proteoglycan solution (A1 fraction, isolated from human articular cartilage). Samples were incubated at 378C for 1 h to precipitate the glycosaminoglycans, which were then centrifuged at 15,000 Â g for 5 min. The supernatants were discarded and the pellets were washed once with 100 mL of a solution of 0.1% CPC in 0.2 M NaCl and then dried. Pellets were dissolved in formic acid (Merck-Europe B.V.) at room temperature O/N. A 20 mL aliquot of each sample was mixed with 2 mL Formula 989 scintillation fluid (DuPont, Dordrecht, The Netherlands) and counted in a liquid scintillation counter. The total sulfate incorporation rate of each sample was calculated using the specific activity of the medium.
Statistical Analysis
Differences were tested for significance through nonparametric statistical tests. The Wilcoxon rank sum test for paired-samples was applied in the case of intraanimal comparisons to compare percentages of cell death for each follow-up separately (Study 1), and to evaluate the effect of HYA on chondrocyte metabolism (Study 2). The Mann-Whitney U-test for independent samples was applied when comparing the results obtained from different animals to evaluate the statistical difference in the percentage of dead cells between 2 days and 3 months follow-up (Study 1). The Mann-Whitney U-test was applied when comparing the cell densities of living cells between the HYA and NaCl groups. All statistical analyses were performed by a statistician (N. G.) using SPSS-pc, version 12.0.1 (SPSS Inc., Chicago). An alpha level of 0.05 was chosen to judge statistical significance.
RESULTS
Study 1: Effect of HYA on Cell Death Peripheral to a Partial-Thickness Articular Cartilage Lesion
In the postoperative period, no limp or swollen knee joints were observed in any of the rabbits. No complications such as infection or patellar luxations occurred.
Macroscopic impressions of HYA-and NaCltreated knees were similar, with smooth and glossy cartilage that surrounded the defect (Fig. 1) . Gross osteoarthritic features, like osteophytes and other joint deformities, were not observed. Lesions were centered on the weight-bearing part of the medial femoral condyle, and were not healed at 2 days or 3 months follow-up.
Histologic analyses confirmed the macroscopic observation that none of the partial-thickness articular cartilage defects were healed at 2 days (Fig. 2 ) or 3 months ( Fig. 3 ) after surgery. Defects were up to the calcified cartilage without penetrating the subchondral bone (Figs. 2A,C and 3A,C), indicating that true partial-thickness articular cartilage defects were created. Some defects were covered with debris, which never filled the defects completely. Three months postsurgery, the cartilage peripheral to the defects showed degenerative features like surface irregularities, cluster formation, and loss of proteoglycan staining (Fig. 3) , irrespective of the applied treatment. Signs of synovial tissue inflammation were absent. At 200X and 400X magnification we judged whether chondrocytes were alive or dead. Two days after creating a partial-thickness cartilage lesion, the percentage of dead cells in the periphery of the defect in the group treated with HYA was significantly lower (p ¼ 0.028) as compared to the NaCl group: 6.7 AE 4.1 versus 16.2 AE 4.6, respectively ( Table 1 ; Fig. 4 ). At 3 months follow-up the percentage of dead cells did not differ significantly (p ¼ 0.327) between the NaCl and the HYA group: 6.1 AE 4.1 versus 9.5 AE 8.1, respectively (Table 1 ; Fig. 4 ). In the NaCl group the percentage of dead cells was significantly lower after 3 months compared to 2 days after surgery (p ¼ 0.004). In HYAtreated knees, the percentage of dead cells remained statistically similar over the course of 3 months (p ¼ 0.747).
At 3 months follow-up the cell densities of the cartilage alongside the defects varied from 10-120% of the control, due to either hypocellularity or the presence of cell clusters, respectively. Cell densities of the HYA-and the NaCltreated cartilage samples did not differ significantly: 53.7% (range, 10-120) compared to 73.3% 300  38  300  4  307  56  300  20  341  52  301  18  317  31  313  12  316  61  315  28  310  69  302  40  3 months postinjury  328  7  335  6  311  20  323  69  300  4  320  13  316  13  338  15  349  39  327  59  350  12  250  6  351  25  305  54  314  40  303  18 (range, 44-114) for the HYA and NaCl group, respectively.
Study 2: Effect of HYA on Chondrocyte Metabolism
The average incorporated [ 35 S]sulfate (dpm/ patella) in glycosaminoglycans of the HYA-treated group was significantly higher (p ¼ 0.029) compared to knee joints that were not treated with HYA after 0.9% NaCl irrigation (NaCl group): 16,751 (AE3,261) versus 13,503 (AE1,329) for HYAand NaCl-treated knees, respectively (Fig. 5 ). The incorporated [ 35 S]sulfate in glycosaminoglycans of HYA-treated knees was slightly, but not significantly, higher than in sham-treated knees:
16,751 (AE3,261) versus 14,283 (AE2,368) for HYAand sham-treated knees, respectively. Irrigation of previously injured rabbit joints with NaCl solution inhibited cartilage metabolism, as was shown by a lower [ 35 S]sulfate incorporation into the glycosaminoglycans as compared to the sham-treated knees: 13,503 (AE1,329) versus 14,283 (AE2,368) for NaCl-and sham-treated knees, respectively. Differences between the NaCland sham-treated knees were not statistically significant.
DISCUSSION
This in vivo study shows the effect on chondrocyte death and chondrocyte metabolism after one intraarticular injection of HYA in the injured rabbit knee. It is known from literature that chondrocyte death occurs close to a lesion in response to experimental mechanical compression and cartilage injury. 17 The earliest signs of apoptosis appear around 6 h postinjury and the percentage of apoptotic cells increases up to 7 days after injury. 18 In the present study we evaluated cell death after one intra-articular injection with HYA, which was injected immediately after creating a partial-thickness articular cartilage defect. Treatment with HYA resulted in the protection of chondrocytes peripheral to the cartilage defect, whereas a relatively high percentage of dead cells was observed in untreated knees 2 days after creating the defect. This is in agreement with the findings of Díaz-Gallego et al., 19 who pointed out that intra-articular treatment with HYA exerts a protective role in cartilage, reducing apoptosis when treatment is started early. These findings support the theory of a therapeutic window during which apoptosis may be inhibited by therapeutic agents, 20 in which HYA likely exerts its protective effect by HYA-induced reduction of anti-Fas-induced chondrocyte apoptosis. 21 It remains unclear as to whether HYA is chondroprotective in the long-term. In the current study the percentage of dead chondrocytes in HYAtreated knees did not increase between 2 days and 13 weeks postoperatively. Unexpectedly, in untreated knees the percentage of dead chondrocytes decreased over the course of 13 weeks, showing comparable percentages of cell death as those seen in the HYA-treated knees. This most likely is due to removal of the dead cells, which will ultimately result in a lower cell density of the cartilage. However, assessment of the cell densities did not provide an answer, due to the high variability between the samples caused by Figure 4 . This histogram represents the mean percentages of dead chondrocytes. Partial-thickness articular cartilage defects were created and rinsed with 0.9% NaCl. Experimental knees were immediately injected with hyaluronan; control knees with 0.9% NaCl. Follow-up was 2 days (HYA, n ¼ 6 knees; NaCl, n ¼ 6 knees) and 3 months (HYA, n ¼ 8 knees; NaCl, n ¼ 8 knees). Error bars designate means plus standard deviation. *p < 0.05; HYA, hyaluronan. Figure 5 . This histogram represents the mean [ 35 S]sulfate incorporation, expressed in dpm/patella. Knee joints were (i) left untreated, that is, no irrigation, no treatment (Sham, n ¼ 6 knees); or after 6 months (ii) irrigated with 0.9% NaCl (NaCl, n ¼ 6 knees); or (iii) injected with hyaluronan solution after irrigation with 0.9% NaCl (HYA, n ¼ 6 knees). Cartilage metabolism was assessed on the patella ex vivo 7 days after the treatment. Error bars designate means plus standard deviation. *p < 0.05; HYA, hyaluronan. both hypocellular regions and regions with cell clusters. During the occurring degeneration the empty cell lacunae were removed or masked, resulting in a too low number of dead cells. Our histology was not conclusive at this point. Finding no convincing evidence for a protective role of HYA for the long term corroborates with data of Mendelson et al. 22 Weekly HYA injections for 3 weeks, starting at either 1 or 3 weeks following injury, did not provide protection to zones peripheral to partial-thickness articular cartilage lesions at either 2 or 6 months. In the latter study the timing of initiation of the injection differed from our study. This could be an important factor concerning the therapeutic window in which HYA could exert its beneficial effect.
Knee joints having 6-month-old partialthickness articular cartilage defects were irrigated with NaCl and subsequently treated with one intra-articular HYA injection. Seven days later chondrocyte metabolism was improved in these injured knees as compared to saline-treated controls. We used a previously described model in which cartilage degeneration was induced by wellcircumscribed, surgically created partial-thickness articular cartilage defects to reflect the clinical situation more accurately. 23 In order to measure the effect of HYA in knee joints with degenerative changes, cartilage from a primary noninjured part of the knee was used. Using this method, the lesion area was avoided. Analysis of the patella is suggested to reflect the metabolism in a damaged joint more accurately. Chondrocyte metabolism was studied through measuring the [ 35 S]sulfate incorporation into the glycosaminoglycans of whole patellas. This method was found as reliable and has been described by de Vries et al. 15 It has been shown that 98% of the radiolabel is taken up by the cartilage of the patella and only 2% by bone, making it unnecessary to measure these separately. We have shown previously that joint irrigation caused a disturbed chondrocyte metabolism in anatomically healthy knee joints: after NaCl irrigation, chondrocyte metabolism in patellas was inhibited for 7 days after the procedure. 24 However, one injection of 5 mg/mL HYA was able to restore the NaCl-disturbed cartilage metabolism completely to normal. 10 The current study showed that also in injured knees HYA can restore the impaired chondrocyte metabolism, caused by the irrigation procedure.
In summary, HYA has a chondroprotective effect on the short-term when applied immediately postinjury, and improves chondrocyte metabolism in knee joints with long-existing lesions. However, the effect of HYA on the long-term, and the relationship between cell death and cell metabolism remains unclear. Future studies are designed to show a possible relationship between prevention of cell death due to HYA and improved cell metabolism in knee joints with long-existing articular cartilage lesions.
